Abstract. Microstrip radiators with Circular Polarization
Abstract. Microstrip radiators with Circular Polarization (CP) are paid much attention in wireless and navigational applications. In this paper, four microstrip rectangular radiators with axially centered asymmetric TriangularSemi Elliptic (TSE) slots along the square boundary of the patch are proposed. The probe feed is applied along the diagonal of the square patch and it is optimized for its position to get CP radiation. The first Asymmetric Slotted Patch (ASP#1) of 50 mm  50 mm provides 10dB RL (Return Loss) bandwidth of 200 MHz (2320 to 2520 MHz) with CP and 3dB AR (Axial Ratio) bandwidth of 40 MHz with a gain of 3.3 dBi. A 10dB RL bandwidth of 340 MHz (2320 to 2660 MHz) with CP and 3dB AR bandwidth of 60 MHz

Introduction
For portable wireless and handheld devices circularly polarized antennas with good axial ratio bandwidth are in great demand. Generally patch antennas have narrow bandwidth, typically 1-5%, which is the primary limitation for the extensive applications of these antennas. Broad bandwidth of patch antennas has been the main thrust area of research in this field. To avoid misalignment between the wireless devices, CP antennas are needed. The importance of one and double point CP patch feeds in mobile and satellite communication applications are addressed [1] . Regardless of good AR and CP bandwidth, dual-point feed antennas need feed network and occupy more space. Hence the advantages of single point CP radiators acknowledged more attention [2] . Circularly polarized elliptical-shaped printed antenna with varying eccentricities is proposed with an experimental study on impedance and radiation pattern [3] .
Optimization and analysis of single point feed CP square patch antennas with trunked corners, diagonal feed and slot are described using Green's function and the desegmentation approaches [4] . A nearly square micro strip patch fed by strip line at the corner is proposed for circular polarization with a 3dB AR bandwidth of 14 MHz [5] . A corner truncated square patch with L-shaped slot and an L-shaped line feed with shorting via is used to obtain wideband CP radiation [6] . A circularly polarized square ring and crossed-strip patch antenna is reported based on segmentation technique coupled with cavity model [7] . A novel circularly polarized Fabry-Perot (FP) resonator patch antenna with mushroom-like Energy Band-Gap (EBG) structure and a two-layer LC superstrate is proposed for narrow band applications [8] . A proximity coupled compact and low profile CP antenna with unequal slot lengths of cross slot configuration is proposed for satellite applications [9] . The practical results show that it has good axial ratio and impedance bandwidth responses. A single feed, polarization and frequency reconfigurable corner trimmed square patch with PIN diodes and conducting strips is reported [10] . Many techniques like a tuning stub [11] , embedded cross slot on radiating patch as well as on the ground plane [12] , protruded curved edge rectangular patch [13] , symmetric slit loaded patch [14] , three layer cross slot coupled patch [15] and meshed patch [16] antennas are proposed for CP radiation.
A feeding system based on electromagnetic coupling for flat and reflect arrays using microstrip patches is pre-sented [17] . CPW fed compact slot antenna [18] is proposed for indoor wireless applications. By embedding nine cross slots, there is significant improvement in beam-width and reduction in antenna size [19] . The indentation parameter of pre-fractal curves along the fractal boundary of square patch is optimized for CP operation for WLAN applications [20] . A double layer circular patch comprising two stubs and a parasitic ring right above the patch to obtain half power beam-width of 140° with circular polarization is reported [21] . A compact dodecagonal 2.45GHz patch with a polygonal slot [22] is proposed for wideband CP radiation. PIN diodes on the radiator [23] are used for polarization diversity, which is either Linearly Polarized (LP), left or right circularly polarized at each port. A CP radiated cross aperture coupled compact antenna [24] is reported with shorting strips and pins to reduce the overall dimensions of the radiator compared to the conventional antenna.
Lower AR value is required to achieve better CP radiation. Combined advantages of lower AR value, AR bandwidth and CP radiation are very much in need for portable wireless communication and navigational systems. In open literature different designs of antennas with CP radiation are reported. It is evident from the open literature there is need for design of miniaturized CP antennas working in the range of 2-6 GHz with low AR value and high AR bandwidth for wireless applications.
In this paper focus is on design of CP antennas with low AR value, sufficient AR bandwidth and gain. Four Asymmetric Slotted Patch (ASP) antennas with CP are presented in this paper for WLAN (2.4 GHz/5.2 GHz) and ISM band applications.
Asymmetric Slotted Patch (ASP)
The effective length of the square patch can be enhanced by incorporating slots along the boundary and also miniaturization can be done efficiently. The fundamental resonant frequency (f res ) or corresponding effective length (L eff ) can be obtained for the rectangular or square patch antennas from (1) and (2) given below,
where λ 0 is free space wavelength, c is free space light velocity,  reff is effective dielectric constant, and L is the length of the square patch and ΔL is the extension of length on the account of fringing. The proposed square patch antenna dimension is of 50 mm  50 mm with a RT/ Duroid 5880 ( r = 2.2) substrate of thickness 3.175 mm. The size of the radiating element is 36 mm  36 mm. 
Configuration and Design of ASP#1
Miniaturization of an antenna can be done by adding shorting posts and cutting different slots. Four unequal right angle triangles are subtracted from all the sides (axially centered) of square patch and then four semi elliptic slots are etched as shown in Fig. 1(a), (b) . The areas of TSE slots are taken in such a way that A 1 < A 2 < A 3 < A 4 . The TSE-slot dimensions considered are presented in Tab. 1.
CP Radiation Principle of ASP#1
The study of CP radiation and its principle of generation for ASP#1 is presented in this section. To generate CP, an asymmetry is created in the structure by cutting four unequal axially centered TSE slots ( 
3dB Axial Ratio Beam-Width
The 3dB axial ratio beam-width of the ASP#1 is plotted in Fig. 3 for both the standard XZ-and YZ-planes at 2.36 GHz and it is around 125° and 145° respectively. Therefore, along with LHCP principle, the proposed ASP#1 can cover more than 125° beam-width towards the sky. 
Parametric Studies for ASP#1
The parametric study is performed to study the performance of the proposed ASP#1 by varying feed position, generation of TSE-slot, axial ratio variations for different TSE-slot areas and the effect of dimensions of the TSE slot. These studies are conducted with respect to one parameter, by keeping rest constant.
Optimization of Feed Position
The presented ASP#1 is diagonally coax fed antenna. Different feed positions are attempted to find the feed point with good impedance match and less return loss. From the results presented in Fig. 4 , it is evident that feed point F (-5.75 mm, -5.75 mm) is having good impedance match and the successive modes are orthogonal with maximum radiation and wider bandwidth compared to other feed positions. Even though both triangular and TSE slots generates nearly same S11 and axial ratio, the curvature of the TSE slot provides more bandwidth. A maximum 3dB beamwidth of 145° is provided by the proposed TSE-ASP#1.
Impact of TSE-Slot Generation
AR for Different TSE-Slot Areas
Different areas of TSE slot are chosen to get better (lowest) AR in dB as shown in Fig. 6 . The parametric study is conducted for three different slot areas, such as X:
The proposed TSE-slot is having the lowest axial ratio of 0.1 dB at the desired frequency, compared to the other TSE slot areas designated as X and Y. 
Effect of a, b and c Dimensions of TSE-Slot
The effect of different TSE-slot dimensions (a, b, c) on the minimum AR value and AR bandwidth is presented in Tab. 2(a)-(d) . The parametric study is performed by varying one dimension (a or b or c) of one slot (A1 or A2 or A3 or A4) and keeping all other dimensions of the slots constant. It is evident from the parametric analysis presented in Tab. 2, the AR bandwidth offered by the proposed TSE-slot dimensions is 40 MHz, which is higher than the bandwidth with the lowest AR in dB offered by other variations in dimensions of a or b or c. 
Configuration and Design of ASP#2
The second Asymmetric Slotted Patch (ASP)#2 is a CP antenna with same dimensions as ASP#1. The modification in ASP#2 is that the slots are etched according to the relation A 2 = 2A 1 as shown in Fig. 7 , where the opposite TSE slot areas are equal. 
CP Radiation Principle of ASP#2
Two orthogonal modes with 90° phase difference and equal magnitude is required for CP radiation. By etching equal area TSE slots (odd symmetry with respect to origin), along the boundary of square patch with coax-feed on the diagonal of XY-plane, CP is achieved.
The dominant current density at TSE slots with respect to different phases (0°, 45°, 90°, and 135°) is represented in Fig. 8 . The anti-clockwise rotation of current density distribution endorses the LHCP radiation.
Parametric Study of ASP#2
The performance parameters of the ASP#2 are obtained through parametric studies of feed position, impact of TSE-slot, axial ratio variations for different TSE-slot areas and impact of dimensions of the TSE slot.
Optimization of Feed Position
The ASP#2 is coax fed antenna and it is applied on the diagonal of the square patch. S11 for different feed positions are presented in Fig. 9 . From the results it can be observed that feed point F (7.75 mm, -7.75 mm) offers good impedance match and maximum radiation. 
Impact of TSE-Slot
It is evident from Fig. 10(a) , the proposed ASP#2 has wider bandwidth of 340 MHz compared to triangular slot of 290 MHz. The AR in dB is 0.2 for TSE-slot and 0.35 for triangular slot as shown in Fig. 10(b) .
AR for Different TSE Slot Areas
Different TSE-slot areas are considered in Fig. 11 to optimize the proposed TSE slot to obtain the lowest axial ratio 0.2 dB at 2.4 GHz. The 3dB AR bandwidth obtained for A 2 < 2A 1 is 50 MHz (2310 to 2360 MHz). For the proposed TSE slot area A 2 = 2A 1 , the 3dB AR bandwidth obtained is 60 MHz (2370 to 2430 MHz). 
Impact of a, b and c on TSE-Slot
Similar to ASP#1, parametric analysis to find the impact of different TSE-slot dimensions (a, b, c) on AR value and AR bandwidth is done for ASP#2. The AR bandwidth offered for the proposed TSE-slot dimensions is 60 MHz and AR in dB is 0.2, which are better than the other TSEslot variations with respect to the dimensions of (a, b, c).
The final design dimensions are obtained through parametric studies and surface current analysis of the ASP#1 and ASP#2. Similarly, the parametric studies and surface current analysis are also conducted on scaled down versions ASP#3 (40 mm  40 mm) and ASP#4 (30 mm  30 mm). The proposed ASP#3 offers 10dB RL bandwidth of 390 MHz, 3dB AR bandwidth of 100 MHz and a peak gain of 4.3 dBi with CP radiation. ASP#4 offers 10dB RL bandwidth of 590 MHz, 3dB AR bandwidth of 160 MHz and a peak gain of 3.95 dBi with CP radiation.
Discussion of Measured Results
All the proposed four antennas are fabricated and presented in Fig. 12(a), (b) . The S11 is measured using Agilent Vector Network Analyzer (VNA) E5071C and comparison with simulation results are presented in Fig. 13(a), (b) . The antennas are tested in an anechoic chamber for radiation pattern, axial ratio and peak gain. The setup in anechoic chamber is shown in Fig. 14 and measured results are presented in Fig. 15 and Fig. 16 . Pattern plots are similar in both the orthogonal planes at the corresponding CP resonant frequency, where both modes are in equal magnitude and 90° phase difference indicates CP radiation. The simulated and measured radiation efficiency presented in Fig. 17 is above 90% at the circularly polarized frequency of resonance for the proposed antennas. It is evident from the results the simulated and measured results are in close agreement. The consistency between simulations and measurements may be, in general difficult for narrow band responses for return losses and AR. The small deviations in practical results when compared to simulation results are attributed to fabrication tolerances, which are not considered in the process of simulation.
The performance comparison between the proposed designs and the other types of noble structures [20] - [24] pertaining to overall size, operating frequency range, 10dB return loss bandwidth, 3dB AR bandwidth and peak gain is presented in Tab the proposed design is by scaling down the dimensions appropriately, AR bandwidth can be enhanced from 40 MHz to 160 MHz in the span of 2 to 6 GHz frequency range with minimum AR value, through which one can attain better CP radiation. 
Conclusion
Four Circularly Polarized slotted microstrip radiators are proposed in this paper. TSE (Triangular Semi-Elliptic) slots are used along the periphery of the square patch to create asymmetry in the structure for circular polarization. 
